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Project Overview

This research addressed the interactions of materials with tissue of the
central nervous system (CN3), with a long-term goal of rationally designing
microclectrode surfaces to promote specific tissue interactions. To this end,
the primary objectives of the project were to develop an m vitro cell culture
model and to use in vitro cultures to assess the effect of surface modifications
that control the interaction of neurons, astrocytes, and /or microglia in
embrvonic to adult stages of development. Much of the resultant data has
been summarized in the Quarterly Reports.

In this final report we have summarized the primary resuits and
conclusions of the project, defined the limitations we encountered and
provided our recommendations for future study. Qur research focused on

and addressed the following objectives.

1. Develop a cell culture or other sultable model of mammalian cortex and

investigate the growth and adhesion of neurons, glia, microglia, and

F)
other cells present in the central nervous system on subsirates coated

with the selected surfaces.

[-a

Prepare surfaces modified by SAMs or SAMs modified with biological

malecules.

A

3. Characterize surfaces betore and after cell culture using surface analvtical
techniques including X-ray clectron spectroscopy (XPS), ellipsometry,
contact angle measurements, and biological assay.

4. Screen selt-assembied (5AM) and SAMs - biological surfaces using

serum-free in pitre cell culture (embryonic rat cortical cells will be

cultured on different SAMs to find the SAM and SAM + macromolecular
surfaces with the ability to support neurona! survival and axonal
outgrowth, or those surfaces which de not support neuronal growth but

enhance the survival of cortical glia).
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f.

Attach selected organic surfaces to the electrode materials: 51G%, 51N,
tetlon, and iridium.

Cooperate with other investigators in the Neural Prothesis Program by
coating microelectrodes (estimated 50 over the contract period with the
most promising materials for in vive evaluation as directed by the
NINDS Project Ofticer.

Major Accomplishments

1.

The major accomplishment of this project was the establishment of a
defined serum-free in zitro system for testing surface coatings and facrors
introduced in the media. We also showed this defined system could be
used to culture cortical neurens, astrocytes, and microglia. Finaliy, but
most impaortantly, we have shown that this system is valid for the culture
of embryvonic precursor cells and to follow their developmert through to

adul: cells, as well as adult neuronal culture. We believe this s the first

time adult  culture has been achieved with cortical cells. The program now

has access to a culture system for testing new surtace coatings that allow

ted

exploration of most of the primary variables found in stable in vivo
systems.

Surface coatings of self-assembled monolayers were applied to 5i0. {from
glass or S and the stability was found to be poor but improved in the
presence of protein. However, on another project we found that the glass
surface can be stabilized with Ti and Zr doping of the 510. surface. We
had previeusly shown that these SAMs could be patterned by UV
lithographyv (Hickman et al.,, 1994). We confirmed this is also possible
with corlica! cells. We did not have the time to extend this to teflon or
Si,N. but other researchers have shown these surfaces can be modified
with SAMs and we expect the culture results to be similar. Indium was

not tested.,
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We have developed a new diagnostic tool for looking at proteins on
surfaces in a defined system. We have examined by XDS surface analysis
the amount of biological material deposited from the media i the
absence of cells and found it to be minimal. However, the material
deposited by the cells during culture appears to correlate directly to cell
survival and morphology. This is another advantage of our new defined
culture system. -
Certain biological macromolecules were immobilized and tested for cell
culture. The coupling chemistry was eventually worked out but the
culture results were inconclusive. This approach was not vigorously
pursued due to the large variation in cell response to the 5AMs alone.
No actual mechanical stabilization experiments were done, but our
results indicate both positive and negative surfaces can be created and this
combined with low resolution patterns could provide difrerently
modified electrodes. These now just need to be tested inoan n tive,
environment. We coated 42 microelectrodes with a positive and
negative coating and sent them te our coilaborators, but the project ended

betore testing.

Synopsis of Results

Surface Coatings

The list of SAMs that have been examined for their etfect on cell culbure

survivai and axonal uutgrowth are shown in Table 1. The average water

advancing contact angles are given for each monolayer in descending orcer

starting with the most hydrophaobic surface. The contact angle measurement

provides a measure of the surface energy of the surface and combined with

XIS 15 a reliable measure of reproducibility of surface modification ir our

defined svstem. For example, in Table 1, OTS has the highest average contact

angle of 103" and hence, the lowest surface energy. Representative XPS

signals of SAMs on 510, can be found in Report 1.
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Table 1
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Stability of SAMs

For use in vfio, it is important to assess the stability of the SAMs under
physiological conditions. Initiafly, eight {8) SAMs were tested on glass
coverslips in Dulbecco’s phosphate buffered saline (D-PBS) at 37°C.. With the
possible exception of the MTS SAM, there was evidence of a decrease in
molecular coverage after two weeks. This can be attributed to hydrolysis, as
has been reported by other workers.

In a second study, a buffered solution of protein using the concentration
found in our i vitro serum-free cultures {bovine serum albumin, BSA,
0.001%) was investizcated. For the highly fluorinated 13FCI monolaver, the
XIS data supported a hvpothesis that the attenuatior of the T signal over time
was caused by a rapidly deposited protein overlaver that adsorbs when BSA is
present in solution. The presence of an adsorbed adlaver has beer theorized
toy make some sicanes relatively more stable. We hypothesize that the orotein
laver inhibits hvdrolvsis of SAM maolecales from SiQ,. Atfter 3-8 weeks,
however, we observed a turther decrease in the F signal and an increase of
ions (Ti, Na) that are indicative of glass dissolving. [r turther experiments,
the stapility of trichloro- and monochloro-terminated 13F silane moneavers
was tested on two different substrates, glass coverslips and silicon wafers in a
higher concentration of BSA {0.1%]. The trichloro 13F monglaver [on 51Q%)
was found to be more stable than the monochloro 13F for short periods. This
work is shown in detail in Reports 2, 3, 4, and 3.

Taken together, these studies indicate that proteins adsorbing to the
surface of implanted electrodes will stabilize the SAM for an initial perind.
The reaction mechanism of the SAM with the surface is also a key element.
SAMs with multiple attachment points (trichloro vs. monochloro) are more
stable. The glass is unstable in the presence of PBS but we have results form
another project to show we can stabilize the glass and then resultant
monolayers. In this work, we found that doping the 510, with Ti or Zr
extended the litetime of the SAMs on Si0). to over 90 days. Finally, since the
main goal for the SAM is to be a template to initiate the incorporation of an
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implant it may be enough for it to have short term stability.

XPS of Cell Culture Plates

The amount of material deposited on the various surfaces by cells in
culture was measured by XPS. XPS peak areas for DETA with and without
cells, indicates that the deposited material is from the cells and not from the
surrounding serum-free medium (MEM/N3). This is extremely important
for determining the response of cells in a defined @ vitro svstem. I
addition, in the presence of cells a protein layer is rapidly established and then
levels off over time. There appears to be a relationship between cell
morphology and attachment and the amount of protein deposited on a
substrate, regardless of substrate type. Modeling of the normalized C 1s peak
areas for DETA and TDL substrates which facilitate survival and atzachment
yield prowin laver thickness of 60-708 for both surfaces after 10 davs i this
medium. Substrates with thicker protein favers are generallyv tess able to
support survival and attachment ot cells.

The exammation of the deposited material after culture has proved to be
very informative in characterizing the cells” response to surfaces and
correlates with morphelogy. We have shown that in healthy cell cultures, in
our model system, that the deposited material increases over a one to three

day pueried and then stabifizes. This work is summarized in Repuorts 3 and 9.

Cell Culture Results

Embrvonic cortical neurons from rat cortex (E12, 13, 14, 16, 15,19, 22, and
necnates) were cultured according to the methods of Schaffrer et al. 1995, for
hippocampal cells. (Report 1)

Astrocyte cultures were produced according to methods compiled by the
laboratories of Schatfner and Barker at NINDS and described in Report 3.

Microglia cuitures were prepared from 2 day wld rat neonates according to
the procedures developed by Dr. Carol Coiton at Ceorgetown University for

neonatal mouse or hamster microglial cultures (see Report # 3}

—=
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Phenotype Determination, Neurons, Astrocytes, Growth factors

One of our primary goals was to determine if modified surfaces aftect the
adhesion, survival and differentiation of cells fn zitro. [n our most siriking
example, we found that DETA facilitated attachment and survival of cells, as
compared to a 13F substrate. Other surtaces showed varying ability to support
cell culture in our system. These results are discussed extensivelv in Reports
1-9. We also investigated the effects of SAMs on cell phenotype expression of
rat cerebral cortex in defined system. Cell lineage studies have shawn that
there are two major types of neurons in the rat cerebral cortex, pyvramidal and
ron-pyramidal cells (Price and Thurlow, 1988; Parnavelas et al, 1992).
Pyramidal neurons contain the excitatory transmitter clutamate whereas
most nor-pyramidal neurons use the inhibitory neurotransmitter GABA
{Jones ard Hendy, 1986, Emson and Lindvall, 1989). By using antibodies
against plutamate and GABA we are able to identify these two tvpes ot
neurans. There are also three distinet tvpes of glial cells: astrocyvtes,
cligodendrocvtes and microglia (Grove et al., 1993). Using specitic cell
markers (GFAP, OX42, O4) we can detect each of those tvpes of glial cells. ATl
the neurons and glial cells that comprise the adult cerebral cortex are derived
from the embryvoenic precursors. Cell phenotype choice {whether to become
neurons or glia) and neurotransmitter choice (whether to became
glutamatergic or CABAergic) are a crucial step in cortical development and
the factors that contral these choices and the timely differentiation of the
precursor cells into differentiated cell types are not well known. [t 1s believed
that bota the cell environment and the intrinsic developmental program are
important in regulating cell lincage (Willlams and Price, 1993). In our
studies, the expression of markers for cortical cell phenotype were examined
in our in vitre system on silica substrates modified with artificial surfaces {see
Report £ 9. Double-immunoefluorescence staining for glutemate and GABA
was carried out in sister cultures (Report 9). Results showed that in cultures
grown on PDL, glutamatergic neurons represent approximately 30-40%, of
total cells, GABAergic neurons represent approximately 20-60% of tota. cells,
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and the ratio of glutamatergic to GABAergic cells was 06: 1. This is
consistent with the findings of immunocytochemicai studies in vivo (Conti
et af. , 1987; 1989). In cultures on DETA, this ratio was 060 ; 1. In contrast, on
13F and OTS, about 20 - 30% of the cells were glutamatergic, 30-60% expressea
glutamate decarboxylase {GAD) and the ratio of glutamatergic to GABAcrgic
cells was (.45 : 1. This suggests that a hydrophilic surface (DFTA), similar to
poly-D-lysine, supports both glutamatergic and GABAergic transmitter
phenotypes, while hydrophobic surfaces (13F and OTS) decrease the number
of glutamatergic cells more than GABAergic cells. This experiment indicates
we can use surface chemistry to select for cell phenotvpe.

Another striking ninding was from our studies on the etfects ot a
combination of two factors {(substratum and growth factor) on cell survival
and differentiation. We investigated the effects of basic fibroblast growth
tactor (MFGED on cell survival ard process extension or astrodvtes taxen from
rew borr rat cerebral cortex and grown on artificizl surtaces (Report 9. The
leading edye extension is chararterized by the leading edge output, the branch
nodes and the number of arbors. Results showed a striking trophic action of
bTGT vn astrocvtes grown on poor surfaces (13F and (OTS), but not on the cells
on PDI. and DETA. These findings strongly suggest that bFGFE exerts some
ameliorating effect at the cell-surface interface on astrocvtes grown only on
sub-par surfaces. This has also been demonstrated with necrons.

In another set of experiments, we investigated the effects of bFGE, brain
derived neurotrophic factor (BDNE), and ciliary neurotrophic facter {CNTF)
on survival of neurons and neurite outgrowth on artificial surfaces. The
cortical ceils were grown on PR, DETA, 13F, and (3T5. (el survival was
assesserd by a comparison of the number of cells present at a given point
relative to the number of cells surviving at the time of culture initiation.
The extent of reurite outgrowth was characterized in terms of total process
output, the mean arbor output, the number of arbors and cell body area.
Results showed that hvdrophilic surface (12ETA), similar to PDL, supported
the growth of primary cortical neurons, whereas poor attachment and
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consequent poor cell survival and the extent of neurite growth occurred 1n
cultures grown on hydrophobic surfaces {13F and OTS). Howeser, the
addition of bFGF (20 ng/mL.), BDNF {100 ng/mL}, and CNTF (20 ng/ml)
increased the number of cells surviving and the extent of neurite growth.
Double immunofluorescence staining with a mixture of anti-glutamate
(Incstar) and anti-GAD (courtesy of Dr. Kopin} in sister cultures showed that
the growth factors enhanced cell survival and neurite cutgrowth for both
glutamatergic and GABAerg:ic neurons.
Mrcroghia

We have preliminary results indicating that the substrate can plav a kew
role in microglial attachment, activation and response {(Report 6 and 7).
Microglia plated on PDL controls and DETA have improved attachmert and
survival as compared to cells plated on the 13F monoaver. The cuttured
ricroglia project thin processes and resemble ramified microglia. Microglial
cultures af rat have proved Lo be difficult which decreased the amount of
usable data. Our results may given some clues as to why teflon s an

acceptable coating tor implanted ONS materials.

Covalent Attachment of Biological Macromolecules

SAMs are important in the preparation of a reproducible, runctionalized
surface. SAMs can also be used to covalently attach biclogical
macromolecules to the surface. The various SAMs shown in Table 1 provide
a rumber of different functional groups with which to do turther chemistry.
The attachment of binlogical macromoelecules to SAMSs 15 done with
crosslinkers such as T-ethyl-3-(3-dimethylaminopropyljcarbodiimice
nvdrochloride (R, phenyldiisothiocvanate, N-sucaimimidyl 4-
maleiruidobutyrate (GMBS), or glutaraldehyde.

In addition to apo-transterrin {APQ)), bovine serum albumin {B5A) was
also covalently attached to an APTS monelayer and tested in cell culture with
F18 rat cortical neurons. While the cutcomes are preliminary and subtle,
both adsorbed and covalently linked B5A and covalently linked APO show

1U




differences in survival, process outgrowth and cell population compared to

controls as early as Dav 4 (Reports 7 and B).

Adult Culture Results

We have successfully cultured adult rat cortical cells in a defined, serum-
free culture (Repurts 7 and 9} with bIGF. Dissociated cells express the
neuronal markers, microtubule associated protein (MAP-2). There are verv
few adult in vitro culture systems developed for mammalian cells to study
injury in the adult CNS, with the exception of photorecepiors.  Many
researchers have utilized embryornic systems te analvze compenents of
vivo adult CNS, but until this study (and the studies of Brewer, 1997 with
hippocampus) there has been little opportunity to atilize an adalt in vifre
culture system that uses defined medium and substrates for the study ot
cortical neurvonal regeneration or for developing brain implarts for acult
CNS. This weli defined in itro system could be utilized to assess the
environmental effects of molecules that may be limiting the regeneration uf
CINS neurons in eivo., which are only partially understeod by studies with
embryonic cells in i vitre cultures (Fawcett, t995: Johnson, 1992], ard more
uniquely, the genetic or inherent characteristics of the mature adult cortical
neuron without 1 vive environmental effectors. This in riro svstem gives
the opportunity to develop and t analvze not only adult cortical neuron
response to injury but also could allow us to assess the etfects of biomolecules,
in vizw inhibitory components or tissues, allow the development or analysis
of drugs that will play a direct role in the development of m vive impants,

and substrate madirications.

Cortical Precursor Celis

Results showed that at day 1, a few cells survived on SAM surfaces. Cell
survival was similar on all three substrates, PDL, DETA, ard OTS {Report 220
However, at Day 3, clusters of undifterentiated cells labeled by BrdU {not
shown) were present on PDL, but not on DETA and OTS (Report 73], These
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results indicate that neural precursor cells dissociated from rat telencephalic
neurcepithelium can be expanded by basic fibroblast growth factor on PDL,

but not on DETA and OTS,

Collaborations

We established a collaboration with Dr. Agnew at the Huntington
Medical Research Institute early in this contract. We successtully modified
the paly-silicate sheath that hold a microelectrode series in place along the
spinal cord during implantation. This inveshgative interaction addressed the
glial scar buildup and adhesions within the sheath which eventuaily displace
the electrodes laterally (with adhesion) and vertically (due to bailduz of
tissue).

This fall. woe sapplied some uncoated electrodes to Dr. Cordell Gross et
the University of Vermort, He performed some inital studies of mocive
implantation of these iridium electrodes into cortex with animal models in
preparation for handling coated electrodes. We have recently sent iridium
electrodes modired with the SAMs DETA and 13F to Dr. Agnew at the
Huntington Institute and Dr. Cordell Gross for further v cive siudies and

analvsis. 13r. Agnew will be reporting back on his results ir the nesr future.

Multivariate Analysis of Secondary low Mass Spectrometry Data from
Adsorbed Profetns - Unleersity of Washington Colluboration,
We established a collaboration with Dr. Buddy Ratner and his student
Fred Wolt to supply samples for analysis with SIMS methods being
developed at Unijversity of Washington. This could complement our existing
surface analysis techniques which can determine surface free energy, surface
composition, and overlayer thickness, These methods can't identity
individual macromolecules without labeling while SIMS mav be able to
identify specific proteins by their fragmentation pattern.
Several silicon chips coated with the SAMs OTS and DETA were exposed
to fibronectin and sent for analvsis. These samples were investigated witn
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secondary ion mass spectrometry (SIMS) and multivariate data analysis. A
tvpical sample will produce a characteristic fragmentation pattern containing
hundreds of different secondary ions, resulting in very large data sots.
Theretore, multivariate techniques such as principal components regression
(PCR) and partial least-squares regression {PLS) were emploved to aid the
analysis of the TOF-SIMS data. These regression techniques help find
correlations between the independent variables (e.g. the observed
fragmentation pattern from the TOEF-SIMS instrument) and user-derinec
dependent variables {e.g. protein tvpe or conformation). A successtul
multivariate model may be able to identify the tyvpe of prote’n on the surface
or help characterize its structural conformation or orientation relative to the
surface. While preliminary, this wodk has great promise for tuture studies

using our defired svstem.

FPortions of Statement of Wotk Not Addressed.

Comments regarding limitations to the full achievement ot some
portdons of the statement of work are addressed point by poirt, numbered
according to the original statement of work, (pg. 2 above).

Project Objective 2. Most of our effort was spent assessing the mteractions

between cells and surfaces (silanes on glass) and their time course in culture.
The scope of the investigations with biological molecuies covalently linked to
silanes on glass was therefore limited. Our findings about biomulecules on
surfaces should be considered preliminary results as the number of trials was
small (N=1,23. On the other hand, more effort was spent establishing the
chemisiry and examining the integritv of the biomolecules. Biomolecules
were not applied to silicon nitride, teflon, or indium surfaces.

Project Objective 4. We did identifv a number of surfaces, some positive and

some negative, for coi: adheslon and growth., We found some surfaces
vielded populations enhanced for expression or certain neurotransmitters,
possibly via selective adhesion or by triggering genetic cues. However, we did
not tind a surface treatment that unambiguously differentially supported
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neurons and discouraged glia. There were only a few studies of cellular
attachment and viability on biomolecular surfaces, due to time constraints.
Mixed cultures of cells to be used for the assay of such a phenomena were not
pursued for the same reason. Examinations of microglial cultures were
difficult because we had trouble with the procedure. Substrate preferences for
these cells were similar to thuse found for neurons and glia, but trials were
very limited and only preliminary data was obtained. Experiments with
oostnatal cells were limited due to the success of the adult cultures.

Project Objective 5. (see 2).

Project Objective 6. Some electrodes were coated with a single silane, DETA

or 13F, and given to Dr. Agnew and Dr. Cordell Gross for implantation anid
examination. Single electrodes were not ditterentially coated beczuse this was

deemed premature until some o Cive results were obtained.

Recommendations for Future Research and Development.
Recommendation 1.

Short Term in vivo Culture Study to Validate in vifro System.

We have established a defined n vitro culture svstem and evaluated a
number of surface modifications and growth factors, with specitic cell tvpues, It
15 necessary to validate this system for in vive relevance. The short term
experimerts outlined in section 5.4.3 of the revised propesal invelving
leukoeyte activation in response to acutely implanted SAM modified surfaces
would be a good evaluation combined with immunostaining for specific
proteins and cell type deposited in response to the implant. Once the sysiem
is validated it can become one of the few standards for evaluating CNS
implants outside the body and then be expanded to include more comyp.icated
aA55aVs.

Recommendation 2

Long Term in wive Testing of Modified Surfaces with SAMs.
The purpose of this contract was to develop strategies for improving
biocompatability of stimulating devices implanted in the nervous svstem.
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We established a chemically defined in vifro to screen the SAMs. We found
that DETA promotes neural cell survival and neurite growth and 1s an
excellent SAM substrate for cortical cell culture, while cells on 13F (or OT5)
showed poorly adhesion and prowth. It is necessary to test the results for
modified materials implanted into the brain in Jong term (2-6 month}
studies. Unlike Recommendation 1 the efficacy of the approach would be to
determine by signal transduction methods, stimulating current parameters,
and life time of the implant followed by histology. This should be done in

collaboration with other members of the Neural Prothesis Workshop.

Anticipated Publications

1. Hirkman, I.1., Coulombe, M.C., Ma, W, and Sathanwori, R Development
of an fu vitry Svstem to Stady Neuronal Development as Wel as
Regereration of Asoral Processes of Fxplanted Adult Neurens.

2. Hickman, 1], Coulombe, D.R. Jung, ., Ma, W.. H. Schessler: Difrerential
Resporse of Astrocvtes and Neurons to A rtificia: Surfaces with and
without BEGF and Implications for CN5 Implants.

LN

Hickman, |, fung, D.R., and Ceulombe, M.G.: Correlation of Cortical
Neuronal Morphological analysis to Material Deposited on Culture
Substrate by XI'5,

4. Jung, D.R., Coulombe, M.Gs., Bateman, K.F., Sathanoori, R.S., Schaftner,
AE., Barker, J.L., Stenger, D.A., and Hickman, [.].: XPs Analvsis of Protetn
Lavers Deposited by in-vitrs Neuronal Cell Culture.

A

D. Kelly, T. Schreider, L], Hickman: Surtace Stability of SAMs in a
Biological Environment.

6. Ma. W, Coulombe, M., Hickman, J.].: Selective Expression of CABAergic
and Gluteamatergic Neurons on Organvsilane Surfaces.

We have also attached a copv of a recent paper from our group showing
the state-of-the-art in patierning entitled: “Developmental Newrobiology
Implications from Fabrication and Analvsis of Hippocampal Neuronal
Networks on Patterned Silane-Modified Surfaces.” Please see attachment.
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Developmental Neurobiology Implications from
Fabrication and Analysis of Hippocampal Neuronal
Networks on Patterned Silane-Modified Surfaces

Ravenscroft, M.S.7: Bateman, K.E.T; Shaffer, K.M."; Schessler, HL.M.T;
Tung, D.R.Y; Schneider, T.W.T; Montgomery, C.B.T; Custer, T.L.T;
Schaffner, A.E.*; Liu, QY4 Li, Y.X'; Barker, |.L.!'; Hickman, J.].'7
Cosribadeon fron Hle Brofecimology Researdh wind Appdications Division of
Scwence Apphications Intenmiiioiet Corperition®. 6 Talt Conrt, Rovierte, MDD
208350, and the Nationad institibe of Newrologieal isorders aand Stroke, Nelional
fustitites of Healtht, Bethwesda, MDD 20832

Adrtor e arhens corvespordence shoald be sent.

Abstract: Wo hove determined the parameters necessary to fabricate seprodudile
neuronal paiterns which we are using to study fundamental 1ssues in
Jovelopmental nedrobiclogy, A bean homogenizer, as well as ather advances in
surface preparation, has enabled the routine production of reproducible, high
resolution (2-20 ) organosilane patterns. The etfects of surface preparation
and beam dvsage were monilored using X-rayv photoelectron spectrascopsy (X175)
andd proof of patterning is provided by high resolution imaging XPS. We report
(he gurdance of neuronal adhesion and neurite outgrowth and the creation of
reproducibly defined cireuits of embryonic (F18-19) rat hippocampal neurons
using these patterned surtaces (i vitro. We have achieved a >50% rate of pattern
tormation and at times the rate approaches 9% We have used these patterns to
address the issue of how eometric pattern cues misht be used to aftect cell-to-

cell communication and to report on the svnaplic development of the



hippocampal neurons using dual patch clamp electrophyvsiology. We monitored
reurite outgrowlh and the emergence af both spontancous ard eveked synaptic
activity ror both pattwerned and unpatterned (conteol} hippocampal cultures. Thoe
results indicate the intriguing possibilite that geometry itself may be a

todulating or trophic factor for cell development.

Introduction

We have determined parameters tor tabricating reproducibic neuronal
patterns en organosilane surfaces for studving fundamental developmental
questions in neurobiology. X-rav Photoelectron Spectroscopy (XPS) was used in
both the high cnergy resolution and imaging modes as a diagnostic too” {or the
uptimization of erganosilane photolithographic patlerns with high resolution
features. The use of @ beam homopenizer, an optimal surtace preparation and
[aser dosage allowed for the routine production of higrh resolution surtace
patterns. | he combination of the optimized patterned surfaces and defined cell
culture conditions resulted m high fidelily neuronal circuits of embryonic rat
hippocampal neurons in vifro. We show that svnaptic developmoent and neurite
cutgrowth on these neuronal pattems are geometry dependent, and raise the
possibility that surface pattern geometry mav be a modulating or trophic! tactor
tor cell development.

In the work presented here, we impaose order on circutts of ippocampal

neurons g vilre in an attempt to mimic the intrinsic high degrec ot order ot i



oreo cells in the luppocampus (the repion ot the brain thoughl o be responsible
tor learning and memory tunctions). = There are three distinguishable neuronal
phenoty pes, or subpopulations, of neurons in the mature hippocampus:
prramidal cells, granular cells, and interneurons. Ditferent regions of the
Lippocampus ey, CAL CA2, and dentate gyrus) contain ditterent proportions
of these three subpopulations. Electrophvsiological and immunochisiochemical
examination of mature hippocampal neurons 1 sific and m slice preparations has
revealed that the pyramidal and granular cells are excitatory while the
mlerneurons are ichibitory, Both tvpes of signals harmonize in s7ice
preparations to generate lang-term changes 1nfast sinaptic transmission,
phenomenon considered to be a collular correlate of learning. Ditferent
pathwavs through this complex cvtoarchitecture have been tdeniified that relate
to ditferent cognitive functions 4 Understanding how the distinet regions of the
hippocampus develop and what factors intluence the ditferentiation of pre-
milotic cells into specific cellular phenoty pes are some of the challenging 1ssucs
in developmoental neurobiology.

Efforts to unravel the physiological cues undetlving the development of
neuronal and glial phenoty pes and circuit lormation i creo have been
complemented by rudimentary v oitro svstems designed to assess the cellular
and maolecular mechanisms tor these processes. Monolavers of embrvonic
neurons dissoctated from the mammalian central nervous system (CNS) and

maintained in calture retain cellular and molecular properties reminiscent of




those tound wr zeee. Dissociated primary cultures of CNS cells are thus often
used for stadies desianed to elucidate various aspects of neuronal and glial
differentiation, including inorphogenesis,” membrane excitabifity,~ coll-cell
communicaticn,” and signal transduction.s Some aspects of neuronai
ditferentiation have been studied extensively Decause thev are readily
reproducible, however, the experimental results and outcomes mayv vary due to
the complexite and the empirical rationale of the methodalogy 5o

Ume of the difficulties in the study of neuronal circuit formation among,
difrerentiating neurons and glial cells with prosently avaiiable protocols s thal
circuits tend to form in an apparently randem manner. Greater experimentat
control would tacilitate the studv of the pro- and post-synaptic phusiological
sianals vocurring, during various stages of circuit tormation. Ltched grooves V1
convenlional photoresist technology, - plasma moditication, ™ Langmuir-
Blodgett tilms, '* metal evaporation,’s and photolithagraphy,'” 2 have been
utilized to impose order in dissociated cultures by patterning surfaces (o control
the prowth of neurons and other cells. Kieinfeld ef of 1 * first reliably
demonstrated that embrvonic mouse spinal cells and perinatal rat cerebellar cells
could be contined to grow ur citre on patterned arganostlane surtacos prepared
gsing convenlional photoresist kechnology. These patterned cerebellar cells
developed both clectrical excitabilite and immunoreactivity for neuren specific
enolase which s a marker specitic tor neurons. The use of deep LV

photolithography, which allows for higher resolution patterns, was adopted by




subseyuent investigators'™ 2 as a more versatile adaptation of the Kleinfeld
approach.-? Others 12" demonstrated the use of deep UV photolithography ol
self-assembled monoelay ers (SAMs) to make alternating [ine pattorns ol various
widths (line-space patterns} to guide the outgrowth of processes from
neuroblastoma cells, explanted vat ippocampal coils, and human umbilical vein
cndothelial cells. Corev et wf 2 created grid patterns of hippocampal neurens ina
low density culture. ealy ef ul.22 demonstrated the ability to organize bone ceils
and mincralize tissue in vitro on lithographicallv patterned organosilane surtaces.
Chen et ol 2 recently used micropatterned surtaces o switch human and bovine
capillary endethelial cells rom growth to apaptosis using localized geametric
control of cell growth. Our strategy improves on prior work with neurons
Lecatse we have shown that SAMs can orpanize high resolution nearite
vutgrowth. Repreducible high resolution surtace templates should Jacilitate the
study of the factors intluencing the formation, mainlenance, and modulation of
these rudimentary neuronal Civouies,

The methodalogy for using deep UV photolithography to pattern SAMs 15
relatively new, ! and the critical variables for optimizing this technique are still
under investigation. We have previously® characlerized the mechanisms
ivolved in the phototnitiation process. and we have investigated vartous
combinations uf SAMs inan attempl to improve neurenal viability, Onlv a tew
molecular combinations (e.g., DETA/13F) were shown to be eftective at creating

the differential adhesion properties necessary for neurenal patterning. Ina

YN




recent study, Corey showed that optimized laser conditions produced the best
tidelity to a DFTA grid pattern, with approximately one third ot the background
regions free of conmected cells and nearites =t However, considerable variatton
across the surface was noted (e, maximal fidelity near the center region of the
surtace, decreasing with increasing distance trom the center). They hvpothesized
that regrional intensity difrerences in the laser beam protile could be responsible
for the variability in pattern fidelity

XPS s an exceilent diagnostic tool for characterizing surfaces == XP5van be

used in the high energy-resolution mode to provide the clemental surface
camposition and to reselve the oxidation states of individual elements of the
surface preparation which allows for the determination of the optimal laser
Josage for patternmg. XPS can also be used in the imaging mode to provide an
element specific photociectron image from an arganosilane surface which has
been patterned. Based upon the results, we introduced a beam homogeniver in
our process to create uniformity in the energy density of the taser beam, and
combined this with advances in sarface preparation and optimized laser dosages
tor fabricate high resolution patterns. The optimized high resolution circuit
patterns successfully guided the neuronal adhesion and neurite outgrowth of
[-18-19 hippocampal neurons in a defined serum-tree medium.

Using patch clamp techniques, ™ we report preliminary results on how
seometric cues might be gsed to attect neurite outgrowth and cell-to-cel

communication. We monitored the cmergence ot both spontaneous and evoked



synaptic activity over time in culture for both patterned and unpatterned
{control) hippocampal cultures. Our preliminary results presented here mdicate
that geometry itself can serve as 4 modulating or trophic! factor for cell

development.

Materials and Methods
Materiais for Film Deposition. Trimethoxvsilvlpropyvidiethvlenetriamine

{DETA) was purchased from United Chermnicals (Bristol, PA). THIH. 2H, 2H-

perfleorodecvldimethvichlorosilane (130) was purchased trom PCR, Inc.
{Gainesville, FL}. Sure-seal toluene was purchased tram Aldrich (Milwauker,
WL the DETA, 15F, and sure-scal toluene were stored 1ina Labmaster 130 slove
box (MBraun, Innovative Technologies, Incy under inert conditions. FIPLC-
grade toluene, HPICe-grade methanaol, reagent-grade hydrochloric acid, and
reagent-grade sulfuric acid all trom Fisher (Fairlawn, NJ) wore used as received.
Surface Preparation. Thomas Ked Label Micro Cover Glasses 221 22 No. ]
(Thomas Sctentitic] were cleaned moa series of steps. Ceramic racks (Coors, Ing.)
containing the coverslips were soaked i a solution ot 501/3(0)
methanol/ hvdrochloric acid (12 min. mininuamy; rinsed with deionized water (3
rinses); soaked inconcentrated sulturic acid (30 min. minimumy); rinsed with

detonized water (3 times]: boiled in detonized waker (M) min. minimum); rinsed

with acetone (beeo rinses); and oven dried (12 min,, 110°C).



The cleaned coverslips were then immersed ina 01% (v/v) DETA in toluene
solution and heated to just below the boiling temperature (3ihmin). The
coverslips were rinsed with HPLC-grade toluene {twa rinses), re-heated to just
Belose batling in teluene (30 min.), and then oven dried (2 hrs.).

Aftter the DELA-derivatized coverslips were patterned via laser irradiation
(see below), the 1oF rederivatization ar backtiil was completed by immersing, the
rack containing the patterned coversiips m (.70 (v /v 151 i toluene solution {1
hr ). The coverslips were then rinsed with HPLC-grade toluene (3 times) and
oven dried {12 min, mimimumyj.

Chotolithographic Mask Design. The photolithographic mask used in this
work was designed to investipate hiwe geometric cues might be used to control
cell growth and alfect ceil-to-cell comumunication - The circular pads (200 um
diameter) were designed to adhere a cell body to each ot these sites. Both circuit
patterns (referred Lo as RTo and RT12) had a 7 poy track width, but the overall
teature size (lenpgth xowidth) was 520 pm x 270 o for RT6 and 160 pom x 460 um
for RT12 {see Figure 7).

Photolithographic Patterning Process. An Ar/F excimer { 2= 193 nmy ) [aser
{lambda LPX210), customized wilh a beam homogenizer (Exitech, TecOptics,
Merrick, NY), was used for all experiments. The beam homogenizer has a lens
arrav of 360 elements, designed to achieve a homogeneity of £ 3%, The laser was
used in the constant hu mode (184 kY)Y with a repetition rate in the 20-300] {7

range. An s T/om? laser dose was required lor the circust pattern design with o



bram area of 2.3 cm-. For the circuit model, the enerypy per unit arca was 3.0 |
(1.2 m] /i -shot {as measured by an Astral AA30 power/energy meter) with a
burst count o 3000 + T shots, resulling in a pulse time of approximately 2 min.
For the line-space pattern, 4 10 ) /e laser dose with a burst count of 27030 - 100
shots resulted man approximaiely 3 min pulse tune (ab the same energy and
beam area as reported tor the circuit pattern).

I'or pattern rabrication (Figure 13, a DETA-maodified coverslip was irradiated
threugh a photolithographic mask as described above. The UV light served o
remove the cvtophilic DETA in the exposed areas, creating a reactive surtace
which was then backliiled with the cvtephobic siiane 1aF.

XPS Characterization. VG Scientitic X5 Model FSCALADB 2200-X11s
capable of both real-time imaging and high-cnergy resalution spectroscopy. The
X5 was used in both modes for this work, Chemical imaging via XPS has been
previousiv reported 2 2 Inthe high-energy resolution mode, the takeotf angle
was 357 and the spectra were normalized to the Si 2p peak of the substrate. To
mage patterned DETA the surtace was first modilied with a P'd catalyst as
described by Dressick et al 423 tor selective electroless Ni deposition. In this
manner, we can inerease the sienal [rom the nitrogen (N 1s) signal because the
P'd complexes te the amine groups of the DITTAL Tt was desired, we couid
further react the Pd with a Ni bath to praduce both an optical and a chemical
imaee of the pattern. With the VG instrament, spatial resolution of a tew

microns is attainable tor our patterned surfaces.




Contact Angle Measurements. [sing the sessile drop technigue, ™ *» a drop
of detonized water was dispensed at the silanated surtace via the microsvringe ot
an NRT Contact Anele Gontometer Model 100-00 (Rame-Hart, Inc ) to measure
the surface wettabilitv. Both the advancing and recoding, contact angrles were
measured for cach surtace.

Cell Culture Conditions. Hippocampal neurons were isolated from E18-E19
Sprague-Dawley rat (Taconic Farms, Germantown, NY) embryvas by papain
Jdissociation (2 units/ mbL, Wortlhington Biochemical Corp., Lakewood, N3 After
dissociation, the cells wore centrifuged, resuspended, lavered over a step
eradient, centrifuged through the pradient Lo remove debri, and then
resusperded i the culturing media % The cells were counted using a
hemacy tormeter and plated ata densite of 36 < 10 cells per 22 mm x 22 mm
coverslip, The cells were cultured ina serum-irce Nearobasal medium (1 ife
Technolopics, Gibeo BRE, Grand (sland, NY] supplemented with B27 (Life
Technolopies, Gibeo BRI, Cirand lsland, NY}, glutamine (.2 mM, Life
Techoolapies, Gibeo BRI, Grand [sland, NY ), and glutamate (2o0M, =99% TLC,
Sizma Chenical, St Louds, MOV at 37 C and 5% CO=™ At Dayvs 2,4, 8, (and
subsequent meltiples of 4) fir vitro, 50% of the media was removed and replaced
with Neurobasal medium supplemented with B-27 and glutamine (re., without
the glutamate). The removal of the glutamate was necessary to prevent

TeUrOtoX Ity
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W report statistical averages tor pattern tidelitv. As the mask allows tor 100
circuit R16 patlerns to be created per coverslip, coll pattern fidelity was tabulated
as = vut-of-100 positive circuit patterns per coverslip, The number of cells
attached at the circular somal sites were tabulated and averayged. We used an
inverted microscope (Ovmpas CR2, Opeleo, Sterling, VA)Y adapted with a digital
CCD camera (3CCD, Dage-M1, Inc, Michigan City, INY and o Inte] Penbium
notebook computer (1ravel Mate, Texas Instruments) to acquire and store
pattern images, and [mago-Pro Thus sottware (Cybernetics) to tabulate the
average nember of neurites per cell and the average neurite length.

Immunocviochemistry Procedure. The cells were preserved in 4% para-
formaldehvde in Dulbecco’s phosphate buitered saline {D-PBS). Atter the cells
woere exposed for 31 minutes to the para-tormaidehvde fixative, thev woere rinsed

with [-PBS (Quality Biologicais, Inc.) and refrigerated. For immunostaining, the

fixxed plates were incubated with mouse monoclonal anti-MAP-2 (1:300, Sipma)
overnight at $°C Arter a [-PBS rinse, the cells were incubated in FLIC-
conjugated donkeyv anti-moeuse IpG 150, Jackson Immunological Research) for
15 minutes at reom temperature. The labeled cells were examined on an
epifluorescence microscopu {(Zeiss) with a water immersion 25X abjective.
Flectrophysiology Experiments. Whole coll patch clamp techniques were
carricd vut on pairs af patterned neurans to record [unctional connections. Dual

patch clamp recordings were carried out using current- and S or voltage-clamp

configurations. W looked tor evidence ot synaptic-like transient signals that



wore either spontaneous occurrences or evoked rosponses. Spontaneous
occurrences were the natural electrical activity of cells during development that
appear ranwlom s nature. In the case of evoked responses, a voltage was applied
to one (pre-synaptic] cell and a carrent signal from the second {post-synaptic) cell
1s recorded (Figure 230 'The electrophyvsiology setup comsisted ot a LM EPC-7
Patch Clamp Svstem (11S1T-Medical), an inverted microscope (Zeiss), a Model
733 oscilloscope (Tektrondx, [nc) with simultancous readout trom both a CRO
VR-100B Digital Recorder (INSTRUTECH Corp ) and a Brush 260 chart recorder
(Gould). Fhe colls were sealed with glass patch pipettes tilled with a buftered
intraceliviar Ca”' -ATE solution. The extracellular solubion was Tvrode’s

solution® Membrane potentials were consistently held at -s{imV.

Results

Our report on the fabrication of the cell patterns proceeds through several
steps from chemistry and photolithography to cell culture and tinallv
clectrophystological characterization of cell function.

A. Characterivation of Unpatterned Aminosilane Surface.

[t has been reported previousle=" that DETA promodes the adhesion and
growth ot hippocampal nearens. Cell culture on an anpatterned cvtophilic
DETA surface resulted in hippocampal neurons which were phase dark,
indicating strong adberence, with extended neurites (Figrure 3a). High resolution

XPS ror the DEA surtace preparation vielded a nitrogen (N s} intensity ot 3600



1900 counts when normalized to a silicon (51 2p) peas area of 2000, This new
DETA surtace preparation shows increased surtace coverage and stabilitv as
compared to the previously reported methanal DETA surtace preparation, which
viclded a nitrogen (N 1s) intensily of 1300 £ 300 counts when normalized o a 5i
2 peak arca of 50007 The advancing and receding contact angles for the now
DETA preparation with their standard deviations were g — 425 = 3% and e -
(% + 57, respectively.

B. Characterization of Unpatterned Fluorinated Silane Surface.

[n contrast to PETA, 1aF (much like the previoushe reparted 13197 impedes
neuroral adhesion and neurite outgrowth, The hippocampal neurons becomu
phase bright, indicating poor adhesion to the surtace, with the cell bodices
appearing clumped and the neurites tasiculated (Tigure 3b). High resolubion XIS
tor the 15F surface preparation vields a tluorine (F Ts) intensity of 14,2000 4 HK)X)
counts when normalized b a S 2p peak of UL This compares o our previeous
methanol 131 surtace preparatiom, which vielded a tluorine (F Ts} intensite of
H230 = 3000 counts when normalized e a $1 2p peak of 500007 The advancing
and receding contact angles for 15F with their standard deviations were Dk =
o90° £ 12 and i, = 797 = 5%

C. Fabrication and Analysis of Circuit I’atterns by XP5.

We have previoushy used deep UV laser palterning to reproducibly create

linc-space patterns.®® However, when we moved (o the more complex, higher

resolution pattern desigis, we found that we were unable to routinely produce




high quality palterns as evidenced by the optical images provided from Pd /NI
metaltization and poor cell fidelity o the patterns. The non-unitorm energy

densite distribution of the laser hwram at the substrate surtaces! 1s eviderwed in

the eplical photo shown in Figure 4a. We theretore utilized a beam homogenizer

to Jeiiver a top-hat energy profile of the laser beam at the substrate surtace,

resulting in uniform patterning as shewn in the optical photo in Figure 4b.

Patterns fabricated in this way vielded more unitorm images in XPsand preator

tidelity of cells to the patterns.

After incorporation of the beam homogrenizer the best laser dosage for the
circuit pattern design was determined. An optimal laser dose must be high
cnough to remove the aminosilane {DFTA) during the patturning process, but
Tow enough Lo prevent narrowing ot the line widths and ablation of the right-

anyled teatures of the clrcudt design as seen in Figure 30 XPS analvsis showed

that a 3 [/ cm? laser dose was necessary to remove 30% of the amine (N1s signal)

from the surtace and a 13 1/om? dese was required to clear the amine from the

surface. The best circuit patterns wore found with a dose of 8 [/om=, as shown by

imaging XPS in Fgure o
D. Characterization of Cells Adhered to Circuits,

(1) Cell Adhesion to Individual Circuit Patterns. 1he ability to control
surtace compuosition coupled with the appropriate media conditions has shown
o1 be cttective in influenang nevronal development i orfre™ Inour

experiments, the E18-19 hippocampal neurons were plaled in the B-27-



supplemented medium and cireuit patterns were observed as carlyv as ome hour
after cell piating. Staining with MAP-2 at Dayvs 2 and ¥ confirmoed that the cells
were neurenal. Both the circuit (Figure 7) and line-space patlerns (Figure 8a)
were successtul in controlling the cell adhesion and neurite outgrowth, Cell
fidelitv was monitored to the optimized R16 circuits (n = 4N with their somal
adhesion sites (n = 8500 at each time interval v mifre. Two hours atter plating,
23% = 12% tidelity toindividual patlerns and 17% £ 6% somal site fidelityv was
abscrved. Cell pattern fidelity peaked on [ay 1 with 75% + 15% pattern fidelity
and 30% + 3% somal fidelitv, On Dav 2, the pattern atd somal fidelity were 682
— 6% and 26% = 2% respectively. Althouph the cells continued to be viable, the

pattern fidelity declined through Dav 7, when 1% paitern fidelity remained. Cell

paitern tdelity for the line-space patterns was >M% on Doy 1 and declined
through Dav 14

(2} Increased Variance in Cell Morphelogy on Circuits. The cell
muorphology showed difterences between patterned and unpatterned cells at the
carlv time points. On Dayvs 1 and 2, the cells on the unpatterned DEEA surfaces
were phase dark with extensive growth cones with short intertwined neurites
mosthy confined to the growth cane area (Figure 8b). At the same time points,
the cells on the patterned surfaces (Figares 7 and 8a} lacked the extensive growth
cones, but a greater variance in neurite length was observed. The average
neurite length and number of primary neurites poer cell on the RT6 circuits on

[rav 2 weas 395 um = 353 um and 2 + 1, respectively. For the line-space pattorns,




the average neurite length and number of neurites per cell on Dayv 2 was 47.6 um
=255 umand 2 - 71, respectively For the unpatterned DFTA-muaditied surtaces,
the average neurite length and nuimber of nearites per celi one Dav 2 was 310 um
+ 143 umand 2 2 1, respectively.

(3} Electrophysiolegy of Circuits. The indicatiuon of svnaptic activity is
shown with neurotransmitters, which migrate across the svnaptic cleft to the
dendrites eof Lhe postsy naptic cell after release from axemal endings and are
necessarvior functional svnaptic activity® In the adult ammalian central
nervous system, GABA is the major inhibitory neurntransmitter.-! =+ In
immature rats, GABA depolarizes hippocampal neurons and increases
intracellular [Ca ] and is venerallyv comsidered excitatory =+ The switch trom
oxcitatory to imhibltory comues carlv in postnatal development, but its presence 1s
indivative of svnaptic development. The other major neurotransmitter found in
the adult mammalian celis s glutamate, which is excitatorv. GABA s produaced
from glutamate in the presence of plutamate decarboxylase (GAD) A Recently,
Dupuy and Houser discovered that GAD-67 and GAD-65 contaiming neurons
could be vbserved as carly as L17-C18 in the rat mppocampus indicaling the
presence of both neurotransmitters in carly embryvonic development.

The dual patch clamp technique was used to look for both spontaneous and
vvoked svnaptic activity over the time course of the hippocampal cell
development on both the patterned and unpatlerned silanated substrates. [n the

B27supplemented Neurobasal serum-tree detined medium, ™ the GABA

i



(gamma-anminobuaivric acud Pl hutiated svoaptic signals developed over
time inculiure. Recordings during the first 6 davs after cell plating tor bath the
unpatlerned and patterned surfaces gave no evidence ot either spontaneous or
evoked svnaptic activity iw erfre, By Dav 7 or ¥, we recorded both spontancous
and uni-directional evoked synaptic signals tor the unpatterned DITA surface
(Fieure Ya). {lowover, we observed only spontaneous activity 1o, o lack of
evoked response) for the patterned (line-space and circult paticerns} surfaces at
Dav 7 or 8 {Igure Yhl. By Dayv 12, the cells on the line-space patterned surface
displaved both spontanceus and uni-directional evolked synaptic signals (Figure
1y, The Dav 12 cells on the unpatterned DETA surface displaved both
spontaneous activity and a preterence tor evoked signals inone direction (Figure
10a). The longevity of the circuit patterns was about a week, so woe were unable
to provide the Dav 12 data for this particular patiern for comparison. However,
it is interesting that the same trend in signal emerpence is observed through the
entire first woeek for the cells om both the fine-space and circuit patlerned
surtaces,

Since adsorbed polv-D-lvsine 1s generally considered to be a biological
surface compatible for coll culture and differentiation. ™ in a complementary set
ol experimertts, wo abserved parallel synaptic development of the hippocamnal
neurens on unvatterned DETA and unpatlerned polv-D-lysime. The results
reinforced provious cell-surtace data® which assessed DETA as a suitable and

comparable artiticial surtace Foor cefl culture.



Discussion

Using patterned artificial surtaces woe have achioved a high deproe of
reuronal fidelity to patterned corcuiits as determined by the percentage of cell
circuit patterns formed on the high resolution DETA/LSE templates. Ina defined
moedium, the neurons were able to reproduce some ([undamental developmental
processes under the conditions of geometric constraint on the circuit patterns.
The steps we have outlined here combined with appropriate surface analvsis
should row allow a large number of researchers access to this methodoelogy,

The achievemenl of reproducible patterns has allowed us to begin
moniloring the effects of palterns in statistically significant nunbers. The lack of
extensive prowth cones for the patterned neurons and a greater vartance i
reurite length indicate that peometric constraint atfected the cell morphology at
carlv time points. Mennerick ot ai 4* recentlv sugpested that tor postnatal rat
hippocampal neurens that constrained microisland neurons elaborated Tess
extensive neuritic arborizations than neurons cultured randomly . Collectively,
these results imply that ceometry is a contributing tactor tor carlier, directed
growth ot neurites.

fn spite of the earlior aceelerated growth tor hippocampal neurons on
patterned surfaces, we observed greator [ongevity on the unpatterned DETA
surfaces. [n fact, the arder of hippocampal neuron longevity for the various
surfaces was consistently as follows: DETA, unpatterned (Jongevity of T month]

= DETAASE, line-space pattern (longevite of 2 wecks) > DETA/T5E, cireut



pattern {longeviey ot T week). For the patterned cells, the term longevity s
meant to imply the length ot pattern recognition, not cell viability, as the cells
often continued to hive Jong after the nearites had overgrown the pattern feature.
We previously reported the use of XPS to moniter the deposition ot srotein in
serwm-tree media at the artificial surtace-cell interface =5 We hvpothesize in the
present case that the protein deposition mav be obscuring the patterns with iime.
We further hyvpothesize that the difference in the longevity of pattern recognition
between the line-space and circuit patterns mav be due to cell density factors as
the pattern features get smaller the number of healthy neurons decreases as more
cvlophobic surface is present. Diftusable factors trom the cells have been shown
to aftect longevity and the concontration ol these tactors decreases as cell density
decreases, [owering survival times, We will investipate these potential tactors
with new mask designs for further optimization in future work.

The synaptic development is also of keeninterest to our group and the
patterns woere used to explore this fundamental developmental process. b v
the rat hippocampus is recognizable prenatally on embryonice (B) Day 16, The
repion is postulated ta develop on E15 with the counection of two primordia in
the telencephalon. The most rapid growth nccurs between E16 and F17 with a
volumetric increase of 1900%, The embryvonic birth dale 1s 22, but the
volumetric expansion ot the hippocampus continues through postnatal (PXN) Day

214 <oon the present study we are starting with very immature hippocampal



neurans that have not established connections vet. This allows us to study
svnaptic developmunt trom the initial periads of hippocampal deyeiopment.

In the present work, we ased dual patch claunp electrophvsiology Lo monitor
the emergence of svnaptic activity or eitre for hippocampal neurans dissoclated
with papain irom L18-F19 rats. We wanted to determine if patternad artiricial
surfaces could influence the svnaptic development nr eitre and to possibly
provide clues with regard to i rso development. T all of the evoled synaptic
activity (responses to clectric pulses through the patch clamp), we observed
physioiogical responses of GABAergic ongin as determined by the
clectrophysiological signature. On the unpatterned DET A-modilied surfaces w
observed both spontancous and evoked activity by Dav 7 or 8. On the patterned
surfaces (0, line-space and circuit designs) we obsorved onlv spontancous
currents by Dayv 7 or 8 with the evoked activite being delaved until Day 12 for
the patterned (line-space) surface. This delayed onsct of evoked activity
occurred despite the earlier accelerated growth and visible tormation of
overlapping connections for the patterned axons and dendrites. o additior, the
cvoked svnapses always showed a uni-directional preference. Although a direct
correlation between it edfre cultures and slices cannot vet be made, il is well
ostablished that in slice preparations glutamatergic synaptic actvity is uni-
directional from CAT to CAY neurons. ' We conclude that the geometric control

[ patterning s a modulating or trophic! factor for bath the cell morphology and

mn




the reuromal svnaphic development. Our goal now 15 to begin developing this

new toal to cnrdro! synaptic activity tor gi il model systems.

Conclusions

Lsing XI'S, advances in surtace preparation, optical microscopy, and a beam
homaogenizer tor a mare unitorm deep UV photolithography, we have achieved
aniform, routine hizh resolution photolithographic circut patterns on artiticial
surtaces. We have achieved a >30% rate of pattern tormation and at times the
rate approached 90% tor the optimived high resolution circuis patterns using
specific media conditions, With the defined neuronai connections created by the
patlerns, we were abie to begin exploring the tundamental issue of how
seometry atfects both cell morphology and synaptic develapment i 2ibo. We
conclude that geometry iself mayv be a modulating or trophic factor allowing for
greater variance in neurite outgrawth at carly time points, and delaving ssnmaptic
development for the patterped cells until later time paints. We are trving to
relate this work to processes that occur ar creo during development to provide a
reproducible model svstem for studving e crve development i mibre.

We plan touse our high fidelity, high resolution circust patterns to studv
many aspects of nearonal develapmient ina controlied manner. New mask
designs will now be used to contral the paramoters inour i edis svstem and be

used to mvestigate how varving geometry affects neuronal development.
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Figure Captions:

Figure 1. For pattern fabrication, a cvtophilic DETA-maoditied coverslip s
irradiated with 193-am laser light through a photolithographic mask. The
resulting reactive surtace is then chemically backtilled with the cyvtophobic
silanated 151,

R = {CHa)-NHACH ) - NH-(C2)-NEH= and R = Si-(CHye-(CHz ) [CF2)=-CFa

Figure 2. Schematic illustration of the experimental arrangement tor dual patch
clamp recording. Both neurons are voltage-clamped and the current signal is
recorded far both spontaneous (single neuron) vecurrences and evoked (pre-

svnaptic neuran to pust-synaptic neuren} responses,

Figure 3. Dav 1 in oitro hippocampal neurons at 20X magnitication: plated onto
unpatierned (@) DF1 A-coated glass coverslip where the cells appear phase dark
and {b) 153F-coated glass coverslip where the cells appear phase bright with

fasiculated (bundied} neuarites.

Figure 4. Optical images of Pd/Nimetallized R16 circuit images prepared (a)

without the beam homogenizer and (b) with the beam homogenizer.

Figure 5. Optical images (20X} ot Pd/Ni metallized RTé cireuit at laser dosages

ot (a) 3 ]/em?, (b)Y B 1/ em?, (c) W0 ]/ cm, and (d) 15 ] /cm-,



Figure 6. XU'S images of {a] a circuit RTa pattern and (b a circular somel
adhesion site. [n both vases, the patterns are metallized with Pd /NG aud the

Ni3p mgnal 15 imaged.

Figure 7. Photopraphs {20X) of the (a) crcuit RT12 mask feature and the
patterred Dav 2 mi citro hippocampal neurons; (b) circuit R mask feature and

-

the patterred Dav 2 in b hippocampal neurons.

Figure 8. [Dav 2 iir eufre hippocanpal neurons {20X) plated onto {a) a DETA /151

line-space pattern and (b) unpatterned DETA.

Figure 9. Electrophvsiology of Dayv 8 iz cibro hippocampal nearons on {a) an
unpalterned DETA-modified surface displaving both spontaneous and evoked
activity, and (b} a DETA/15F circuit patterned surface displaving only
spontaneous activity, in both cases, Neuron 1is pre-synaptic and Newron 2 1s

peost-synaplic.

Figure 10. Clectrophysiolopy of Dav 120 citro hippocampal neurons displaving
both spontanceus and evoked activity on {a) an unpatterned DET A-moditied
surtace and (bya DETA/15F line-space patterned surtace. In both cases, Neuron

1 15 pre-synaptic and Neuron 2 s post-synaptic.
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